Where needed, LiCl (VWR Chemicals 25012) was introduced as highly hydratable salt (55) both to enhance the conductivity and to reduce dehydration of the hydrogels.
Supplementary Methods

Synthesis of hydrogels
We used a mold made of two 100 mm x 100 mm glass plates with a 1 or 2 mm thick silicone separator in between for casting the hydrogels. UV-transmissive quartz glass was employed for photopolymerized PAAm/Alginate hydrogels and the photopolymerized PHEMA hydrogels.
Synthesis of PAAm hydrogels: 0.1564 g/ml of AAm monomer was dissolved in carefully N2degassed distilled water (2 h) to obtain a precursor solution. MbAAm was dissolved in a 0.00154 g/ml aqueous solution as crosslinker. Dissolved crosslinker was added to the AAm precursor solution to yield a solution with 0.06 wt% crosslinker. TEMED was added to the monomer solution (0.8 µl/ml) as accelerator. Before adding the initiator the solution was again degassed with N2 for 1 h. The initiator APS (0.18 wt% of AAm) was dissolved in a 0.0457 g/ml aqueous solution and added to start the thermal polymerization process. Following quick stirring, the mixture was poured into the glass mold.
After 24 h, the PAAm hydrogel sheets could be peeled off the glass plates. We immersed the hydrogel in a large amount of distilled water for 3 days (fresh water every 12 h) to remove residual monomers.
Synthesis of PAAm/Alginate hydrogels:
The precursor solution for the acrylamide network of the tough PAAm/Alginate hydrogel was prepared as described for the PAAm hydrogel. To add the second network, 0.01955 g/ml alginate was dissolved in the precursor solution by stirring for 3 h at room temperature. DMPA (0.5 wt% of monomer) was added for photopolymerization. We used calcium sulfate dihydrate CaSO4 · 2H2O as crosslinker for the alginate (6.65 wt% of alginate). Adding CaSO4 · 2H2O to the precursor solution requires a rapid molding process. The filled quartz glass mold was placed in a UV-chamber with UV-A and UV-C lamps for 20 min. After detaching the hydrogel from the glass plates, it was immersed for 3 days in a 0.5 molar CaCl2-solution to enhance the crosslinking of the alginate network and to remove the residual monomers (CaCl2-solution is exchanged every 12 h). The water content of the fully swollen hydrogel is 88%.
Synthesis of PHEMA hydrogels: 6 µl EGDMA and 13 mg TPO were dissolved in 6 ml HEMA, yielding 10 ml precursor solution. Deionized water (4 ml) was added to the solution and carefully degassed with N2 for 1 h. After degassing, the solution was injected into the mold consisting of two quartz glass plates separated by a 2 mm silicone layer. In this mold the monomer solution was UVphotopolymerized for 10 min. Finally, the PHEMA hydrogel was immersed in distilled water for 24 h resulting in a fully swollen state with a free water content of 36.1%.
Synthesis of PVA hydrogels:
A 15 wt% PVA aqueous solution was obtained by dissolving PVA in distilled water at 85 °C while sonicating for 10 h. The viscous PVA solution was poured into the glass mold with a 2 mm silicone spacer. After sealing the mold, the hydrogel formed within 5 subsequent freezing-thawing cycles between -12 °C and 23 °C, physically crosslinking the polymer network. Due to a slight water loss during the freezing-thawing cycles the crosslinked hydrogel contained 80.6% water in its fully swollen state.
Raman measurements
Raman spectra were recorded using a WITEC Alpha 300 R confocal Raman imaging system with a thermoelectrically cooled CDD detector (DU970N-BV). The measurement intensity was set to 10 mW at a wavelength of 532 nm. A 100x magnification Nikon lens was used in all measurements. The thickness calibration was carried out with a silicon wafer.
Instantly tough bonded compound
First single spectra of the ethyl cyanoacrylate adhesive, the PET foil and the PHEMA hydrogel were recorded. A compound consisting of 6 µm thick PET foil instantly tough bonded to a 2 mm thick PHEMA hydrogel with a 1:4 ethyl cyanoacrylate adhesivetrimethylpentane dispersion was prepared and allowed to dry until only bound water remains in the hydrogel. The compound was scanned perpendicular to the bonding plane via a line scan for 50 µm with a spectrum recorded every 333 nm.
The integration time was set to one second for every point with 10 accumulations. Due to the unique peaks of each material (PET aromatic C-H at 3046.5 cm -1 to 3118.4 cm -1 , ethyl cyanoacrylate adhesive C≡N at 2222.6 cm -1 to 2286.3 cm -1 and for the PHEMA hydrogel the bound water peak at 3121.4 cm -1 to 3616.1 cm -1 ) the distribution of the materials along the depth direction can be determined from the area of each characteristic peak (fig. S1A). To correctly resolve the peak area of the bound water, the -OH peak of PET (3196.4 cm -1 -3247.9 cm -1 ) and a correction peak (3327.1 cm -1 -3369.5 cm -1 ) were subtracted from the broad water band between 3121.4 cm -1 to 3616.1 cm -1 .
Diffusion of cyanoacrylate -trimethylpentane dispersion into elastomers
For a second Raman measurement we coated two substrates (PDMS pre-treated with primer and VHB without surface treatment) with a 1:4 ethyl cyanoacrylate adhesivetrimethylpentane dispersion to show the diffusion of the adhesive into the soft substrate. After full evaporation of the dispersant on the sample surface we performed a depth scan using the same measurement settings as above. The results together with the evaluated Raman active peaks are shown in fig. S2 .
Instant bonding of conductive hydrogels (Fig. 1C, Video V1)
A fully swollen PAAm hydrogel rod with 20 mm diameter was connected in series to a LED and a power supply. Cutting the gel rod with scissors interrupted the electrical circuit. Instant healing of the severed rod was achieved with ethyl cyanoacrylate dispersion, closing the electrical circuit again as visualized by the LED.
Stretch dependent resistance (Fig. 1D)
A swollen PAAm hydrogel rod (20 mm diameter) was clamped on both sides in a uniaxial stretching system (bracket distance 50 mm). Gold-coated contact pads embedded in the brackets enabled a 4wire resistance measurement of the hydrogel rod. The resistance was recorded during continuous uniaxial stretching with a stretching rate of 17.5 mm/min. The resistance measurement was repeated after cutting of the hydrogel rod centrically in two parts and subsequent instant bonding via ethyl cyanoacrylate dispersion. The bonding process was achieved by applying the adhesive dispersion on a glass plate, followed by stamp transferring adhesive onto the cut surface of one of the gel rods.
Pressing the severed surfaces together completed the instant bonding process.
Biaxial stretching of instantly tough bonded hydrogel (fig. S2)
A 2 mm thick sheet of PAAm hydrogel was cut to a circle with diameter of 19 mm using a laser cutting system (Trotec Speedy 300, CO2-Laser). We bonded the gel disk via ethyl cyanoacrylatetrimethylpentane 1:10 dispersion to the center of a VHB adhesive tape. The VHB tape was biaxially stretched with a radial hose stretching mechanism.
Uniaxial stretching of physically attached hydrogel vs. instantly tough bonded hydrogel
(fig. S3)
A 1 mm thick sheet of 10 wt% PVA hydrogel was casted and cut into two identical, 1 cm broad stripes. One of the two hydrogel stripes was tough bonded using the ethyl cyanoacrylatetrimethylpentane 1:10 dispersion (spin coating with 1500 rpm for 3 s) to a VHB adhesive tape. The second hydrogel stripe was physically attached to the VHB elastomer after mounting the elastomer in a custom made stretching unit. We uniaxially stretched the VHB/hydrogel stack until the hydrogel ruptured at a stretch ratio of λ=2.9. The same procedure was performed with a 3 mm thick 10 wt% PVA hydrogel.
90° peeling tests ( Fig. 2A-C 
, Video V2)
All peeling tests were performed in ambient air at room temperature. Before testing, the fully swollen hydrogels were kept refrigerated at 8 °C under high humidity to prevent dehydration. The rigid substrates for peel tests (PMMA, PET, nitrile rubber, polyisoprene rubber, VHB4905, PDMS, Ecoflex, leather, bone and copper, aluminum, glass with 20 nm chromium) were prepared with dimensions of 35x75x3 mm. 75 µm thick polyimide stripes with a width of 30 mm and a length of 120 mm served as stiff backing. We pre-treated the silicone elastomers (PDMS, Ecoflex) by applying Loctite 770 as primer to promote wetting of the adhesive dispersion. The chromium layer on the hard materials (metals, glass) equally promotes wetting of the dispersion, and improves adhesion of cyanoacrylates (27).
We prepared three different hydrogels (PHEMA, PAAm/Alginate and PVA) in a glass mold with a thickness of 2 mm. The hydrogel sheets were cut to a specimen size of 90x20x2 mm to obtain a total peeling length of 60 mm. The stiff backing was rinsed with isopropanol and spin coated (2500 U/min for 3 s) with a 1:4 ethyl cyanoacrylatetrimethylpentane dispersion. The hydrogel specimen was pressed in a centered position onto the adhesive-coated polyimide backing. The rigid substrate was then bonded to the hydrogel in the same way as the backing. The hydrogel specimen was longer than the substrate and the resulting overlay was used to grip the hydrogel for the 90° peeling test.
The interfacial toughness of the bonding was measured using a custom made mechanical testing machine. A 90° peeling setup was constructed maintaining a fixed peeling angle via a pulley connected to the immobile part of the testing machine. The tests were performed with a constant peeling speed of 17.5 mm/min. The peeling force was detected with a 50 N load cell. To evaluate the interfacial toughness, we averaged the steady state peeling force (typically reached after some millimeters of peeling). Normalizing the averaged steady state peeling force by the width of the sample yielded the interfacial toughness.
All measurements evidenced bulk rupture of the hydrogel without bonding failure at the gel/target surface interface. Variations in the interfacial toughness are due to batch-to-batch variation in preparing the hydrogel sheets.
Spine with hydrogel intervertebral disks (fig. S4, Video V3)
We fabricated a model of a human lumbar vertebrae (L1-L5) from acrylonitrile butadiene styrene (ABS) via 3D-printing. Swollen PAAm hydrogel rods with a diameter of 20 mm serve as intervertebral disks. The swollen gel rods were cut in disk-like slices with a thickness of 12 mm. The gel disks were dipped in ethyl cyanoacrylate dispersion on glass and pressed against the vertebra.
Repeating the bonding process allowed to assemble the whole lumbar vertebrae.
Instant tough bonding and instant loading of tough PAAm/Alginate hydrogels (fig. S5,
Video V4)
We prepared tough PAAm/Alginate gel rods (as-prepared diameter of 14 mm, resulted in a 16 mm diameter rod when fully swollen). A 30 mm long gel rod was then bonded between an aluminum plate and a PMMA plate following the same dipping technique as described above. A load of 1 kg was applied perpendicular to the bonding surface on the PMMA side. Lifting the load stretched the hydrogel, but did not cause fracture of the bonding interface or the gel rod.
Absorption and transmission of tough bonded compounds
Dependence on the Stretch ratio ( Fig. 2D, E) We used a 1:10 dispersion of ethyl cyanoacrylate glue and 2,2,4-trimethylpentane to bond a 19 mm diameter PAAm hydrogel disk (thickness 2 mm) to a circular VHB4910 adhesive tape. The tape was biaxially stretched to a radial stretch ratio of λ=4.4 (equivalent to 2000% areal expansion) in equidistant steps with a radial stretching system (56). The true stretch of the bonded hydrogel was determined from captured images. Transmission of visible light through the hydrogel/elastomer compound was measured with a spectrometer (Avantes, AvaSpec-ULS2048L) while stretching. In addition, we characterized the absorption, transmission and reflection of the sample at a constant radial stretch ratio of λ=2 with a Bruker UV-VIS spectrometer.
Dependence on the dispersion ratio (fig. S9)
Transmission of visible light was measured through two different tough bonded PHEMA/PET samples. We prepared the first PHEMA/PET stack using pure ethyl cyanoacrylate adhesive and the second with a 1:10 ethyl cyanoacrylate -trimethylpentane dispersion.
Adaptive hydrogel lens (Fig. 3A-E)
A saltwater filled hydrogel lens was fabricated from VHB and circular, 2 mm thick PAAm hydrogel electrodes. We first fixed the VHB elastomer on a frame (113 mm inner diameter) with a stretch ratio of 3. We used suction to form a convex 19 mm diameter dent in the pre-stretched elastomer, then filled with 1.25 ml of a 15 wt% NaCl water solution. A second, identically pre-stretched VHB elastomer was prepared and placed on top of the filled dent, taking care that no air bubbles form. This procedure resulted in a lens-like shape. Finally, hydrogel electrodes (20 mm diameter) were bonded using a 1:10 ethyl cyanoacrylatetrimethylpentane dispersion to both sides of the lens.
Actuation voltage vs. Focal length (Fig. 3C)
A variable voltage (0 kV to 6.5 kV, in 0.5 kV steps) was applied to the hydrogel electrodes of the adaptive lens using a HV power supply (TREK 610D). The Maxwell stress deforms the hydrogel lens and changes its focal distance, much like the working principle of a dielectric elastomer actuator (DEA). The change in the focal length was measured with a widened laser beam (HeNe laser). The hydrogel lens focused the laser beam and the focal point was determined with a CCD sensor movable along the beam direction. We recorded the focal length five times for each actuation voltage.
Actuation and visualization in rhodamine dye (Fig. 3D, E; Video V5)
The fast change in focal length of the hydrogel lens was visualized in a basin filled with highly diluted rhodamine-water solution. We applied a square wave signal with a frequency between 0.5 Hz and 10 Hz and 6 kV amplitude (TREK 610D high-voltage amplifier) to the hydrogel lens. The change in the focal length of the hydrogel lens was visualized by deflecting the laser beam (530 nm wavelength).
Energy Harvesting (Fig. 3H-J) Capacitance vs. stretch ratio (Fig. 3H) Two 2 mm thick PAAm hydrogel disks (19 mm diameter) were bonded to both sides of a circular VHB4910 adhesive tape using a 1:10 dispersion of ethyl cyanoacrylate glue and 2,2,4trimethylpentane. The tape was biaxially stretched in equidistant steps to a final radial stretching ratio of 4.4 with our RSS radial stretching system (1). The true stretch ratio of the bonded hydrogel was determined from optical images. The stretch-dependent capacitance of the hydrogel-elastomer capacitor was measured with a Novocontrol Alpha A Analyzer.
Work conjugate plots (Fig. 3G, I, J)
The energy harvesting cycles and their analysis was carried out following our previously established procedures (37). VHB was employed as dielectric elastomer and 2 mm thick conductive PAAm hydrogel served as compliant electrodes. Electrode diameter was 30 mm. Peeling off the hydrogel electrode during harvesting was prevented by tough bonding with an ethyl cyanoacrylatetrimethylpentane 1:10 dispersion.
Stretchable battery and self-powered stretchable circuit
Assembly of the stretchable battery with electrolytic hydrogel separator ( Fig. 4; fig. S6, S7) Ecoflex (00-30) components were mixed in a 1:1 ratio, degassed and cast molded between two 50 µm acrylic elastomer adhesive (VHB 467MP) sheets, pre-treated with a Dow Corning 1200 OS Primer.
The elastomer was cured for 12 hours at 70 °C. The resulting sheets were laser cut (Trotec Speedy 300, CO2-laser) to form chambers for the electrolyte hydrogel as well as anode and cathode pastes.
Ethyl cyanoacrylate dispersion was applied via spin coating at 1000 rpm. The PAAm electrolyte hydrogel sheet with a thickness of 1mm was bonded to the chamber and the resulting hydrogel Self-powered stretchable circuit ( Fig. 4D-F; fig. S6E, F) We assembled a demonstrator circuit with a DC-DC converter (Maxim MAX1724) boosting the voltage of the stretchable battery to 3.3 V, operating 3 blue surface mount device (SMD) LEDs.
Thermally evaporated chromium (Cr)copper (Cu) bi-layer structures on 6 µm-thick PET foils, patterned via shadow masks, served as imperceptible electrodes. A 3 nm Cr adhesion layer was evaporated at a rate of 0.2 nm s -1 , followed by a 100 nm Cu layer deposited at a rate of 0.3 nm s -1 .
SMD components were soldered to the electrodes using Indalloy® #282, 57%Bi42%Sn1%Ag solder paste applied via screen printing, followed by a reflow process at 150 °C. The imperceptible circuit was bonded to the pre-stretched tough battery, yielding a soft, stretchable electronic device.
Hydrogel-based electronic patch (Fig. 5; fig. S7-9 
Assembly
The imperceptible electronic film carrying heaters and sensors was bonded to the flexible PCB with a 2 mm wide and 50 µm thick VHB stripe and further secured with a 4 mm stripe to reduce mechanical wear at the interface while still resting on the support substrate. Electrical connection was established using bismuth (Bi)tin (Sn)silver (Ag) reflow solder paste (Indalloy ® #282, 57%Bi42%Sn1%Ag).
A 50 µm thick sheet of VHB was blade-and subsequently spin-coated (1000 rpm, 3 s) with ethylcyanoacrylate dispersion, followed by strongly bonding a 100 mm x 100 mm x 1 mm PVA hydrogel sheet. After pre-stretching the PVA-VHB sheet by 35 % with a custom-made uniaxial stretching system, the interconnected electronic patch (flex PCB with imperceptible sensor/heater electronics) was adhered to the sticky VHB side of the pre-stretched hydrogel/VHB sandwich. This ensures tough bonding of the electronics to the hydrogel substrate and sufficient electrical isolation to the hydrogel, therefore preventing short-circuit failure, while the hydrogel is the biotic/abiotic interface to skin.
Removing the carrier of the imperceptible electronic foil and relaxing the elastomer/hydrogel substrate resulted in wrinkling of the imperceptible electronics and curving of the flexible board. This enabled the soft electronic device to adapt to complex shapes such as an arm wrist.
Finite Element Simulation
The finite element simulation (steady state heat conduction solving) was done in Autodesk Simulation Mechanical 2016. The model consisted of a 1 mm water substrate (heat conduction: 0.58 W/mK, density: 0.9983 g/cm³, specific heat 4183) with attached copper conduction routes (heat conduction: 401 W/mK, density: 8.94 g/cm³, specific heat 450 J/kgK). The heater elements were simplified by a circle sector with the outlines of the heating meander. All copper routes and the heaters had a thickness of 0.1 mm to ease meshing. Each heater was configured as heat source with 90 mW Joule heating loss. All free surfaces were furnished with convection to static ambient air (22 °C) with a convection coefficient of 7 W/m²K.
Heat activated drug diffusion (fig. S10)
A heater element was fabricated following the same steps as described above for the imperceptible heater/sensor board to demonstrate temperature-triggered drug release within hydrogels. The drug, here represented as green food coloring paste, was homogeneously coated with coconut fat and placed on the heater. The combination of heater and drug reservoir was covered with a 2 mm thick PAAm hydrogel sheet.
By supplying the heater with 40 mA at 2.8 V for a few seconds, the temperature increased above the melting point of the coconut fat (23-26 °C). This allowed contact of drug and hydrogel, initiating drug diffusion throughout the gel.
We determined the diffusion constant of the dissolved pigment in the hydrogel matrix from an analytic model. The small thickness of the sample compared to its lateral dimensions allowed approximation with a two dimensional model. Hence, the diffusion is described by the two-dimensional diffusion equation (Eq.1) where c stands for the concentration, D for the diffusion constant, x and y for the space coordinates, and t for the time.
We used a point source in 2D to model the release of the pigment due to resistive heating. For this case, the concentration c at a radial distance r is given by Eq.2 (57). The movement of the threshold concentration through the hydrogel can therefore be obtained by graphical analysis (fig. S10 ). For any moving point of constant concentration the derivative with respect to time must be zero. By using this and Eq.1 in polar coordinates a simple dependence between the expansion radius r and the time t is found (Eq.3).
For any given expansion radius rE and corresponding time t the diffusion constant can be calculated with Eq.3. Our data shows that the diffusion constant is shifting from higher to lower values with time. This is most likely due to dehydration of the hydrogel over time. Initially, a diffusion constant of D1=(2.1±0.2)·10 -9 m 2 s -1 is found which then decreases to D2=(1.24±0.09)·10 -9 m 2 s -1 for longer durations. This value is in a range typically found for diffusion in aqueous systems, where diffusion constants are of the order 10 -9 m 2 s -1 . We thus found that the hydrogel matrix does not significantly interfere with the mass transport when compared to purely aqueous systems. Since the resistive heater was turned off right after release of the pigment, temperature effects on the diffusion process were neglected.
Cell viability tests (fig. S11B)
PVA and PHEMA hydrogels were cut into pieces of 1 x 1 cm under sterile conditions. Ethyl cyanoacrylate (Loctite 406, Henkel) or 2-octyl-cyanoacrylate (Dermabond, Ethicon) was added on the apical side of the hydrogel pieces. To prevent the gels from drying out, 200 µl MilliQ-water was added adjacent to each hydrogel. The hydrogels were exposed to UV-radiation for 20 min for sterilization.
B 16 F 10 cells were grown as monolayers in RPMI 1640 (Thermo Fisher Scientific, 11875093) medium supplemented with 10 % fetal calf serum (FCS, Thermo Fisher Scientific, 26140079) + penicillin/streptomycin (Pen/Strep, Thermo Fisher Scientific, 15140122).
Cell concentration was 125.000 cells/well (6 well plate), 2 ml were transferred to a Transwell plate, cultured for 3 hours. Following the gel was put into the inlay, 2 ml cell solution was added and incubated at 5 % CO2 at 37 °C in a humidified environment.
Resazurin (Sigma-Aldrich, 62758-13-8) assay was performed with an incubation time of 1 h, at a temperature of 37°C and 5 % CO2. The fluorescence was measured at 535 nm excitation and 595 nm emission wavelength. fig. S1 . Raman spectroscopy of an instantly tough-bonded compound of a 6-µm-thick PET and PHEMA hydrogel using a 1:4 ethyl cyanoacrylate/2,2,4-trimethylpentane dispersion. at the maximum intensity of the PET characteristic aromatic C-H peak at 10 µm depth. The Raman shift region from 3046.5 cm -1 to 3118.4 cm -1 (red area) was used for the peak area calculation of the PET curve in A. (D) Raman spectra at the maximum intensity of the Nitrile peak (C≡N) at 15 µm depth. The Raman shift region from 2222.6 cm -1 to 2286.3 cm -1 (green area) was used for the peak area calculation of the curve related to the ethyl cyanoacrylate adhesive in A. (E), (F) Raman spectra at 30 µm and 45 µm depth demonstrate an increasing amount of bound water with depth (water peak located between 3121.4 cm -1 and 3616.1 cm -1 ) and the decrease of the amount of ethyl cyanoacrylate adhesive (C≡N peak). The corresponding fracture toughness determined by notched sample testing accounts for 1472±440 J/m 2 for PVA and 489±47 J/m 2 for PHEMA. We note that differences in geometry of notchand 90° peeling tests result in comparable, but not identical values of bulk-and interfacial toughness even tough the gels rupture in bulk during peeling tests.
Supplementary Figures
fig . S7 . Model of a human lumbar vertebrae. 3D printed vertebrae connected with intervertebral hydrogel disks illustrating the versatility of the instantly tough bonding approach to achieve complex shaped stacks of hydrogels, combined with other materials in a toy brick approach. The eight bonding procedures require less than 3 min (see also Video V3). We note that the optical appearance when bonding hydrogels with pure cyanoacrylates both depends on the hydrogel used and somewhat on the exact processing conditions such as spin speed and timing. 
